have not combined the features necessary for robust operation: strong nonreciprocity, in situ tunability, compact integration, and continuous operation. Furthermore, they have been applied only to coherent signals (rather than fluctuations or noise), and have been realized exclusively in travellingwave systems (rather than resonators). Here we describe a cavity optomechanical scheme that produces robust nonreciprocal coupling between phononic resonators. This scheme provides ~ 30 dB of isolation and can be tuned in situ simply via the phases of the drive tones applied to the cavity. In addition, by directly monitoring the resonators' dynamics we show that this nonreciprocity can be used to control thermal fluctuations, and that this control represents a new resource for cooling phononic resonators.
magnetic field 3, 4, 5 . However the former is impractical in many settings, and the latter typically produces weak nonreciprocity. Likewise, nonlinearity-based approaches 5, 7, 8 have required bulky components and generally result in signal distortion. In contrast, parametric modulation can produce nonreciprocity with considerable flexibility (as demonstrated recently in the photonic and microwave domains 12, 13, 14, 15 ). Parametric modulation of phononic resonators arises naturally in cavity optomechanical systems, which consist of an electromagnetic cavity that is detuned by the motion of mechanical oscillators 16 . In particular, electromagnetic drive tones applied to the cavity can tune the mechanical oscillators' frequencies, dampings, and couplings, an effect known as "dynamical backaction" 16 . This effect has been used to realize transient nonreciprocity (by adding a slow time dependence to the parametric modulation 10, 11 ); in contrast, the scheme described here uses stationary modulation and achieves continuous operation.
The phononic resonators studied here are two normal modes of a SiN membrane 17 with dimensions 1 mm × 1 mm × 50 nm. We focus on a pair of low-order drumhead-like modes with resonant frequencies ω1 = 2π × 557.473 kHz and ω2 = 2π × 705.164 kHz and damping rates γ1 = 2π × 0.39 Hz and γ2 = 2π × 0.38 Hz. The membrane is positioned inside a cryogenic Fabry-Perot optical cavity with linewidth κ = 2π × 180 kHz and coupling rate κin = 2π × 70 kHz (for light with wavelength λ = 1,064 nm). The mechanical resonators couple to the cavity with rates g1 = 2π × 2.11 Hz and g2 = 2π × 2.12 Hz. The device's construction and characterization are described in Refs. [10, 11] . The wide separation between ω1 and ω2 allows the motion of both modes to be inferred from a single record of the cavity detuning, which is provided by a probe laser that drives the cavity with fixed intensity and detuning.
Near-resonant coupling can be induced between these modes by modulating the dynamical backaction at a frequency close to δω ≡ ω1 -ω2. Such modulation arises from the intracavity beat note produced when the cavity is driven by two tones whose detunings (relative to the cavity resonance) are Δ1 = -ω1 + Δℓ and Δ2 = -ω2 + Δℓ. 18, 11, 19 As illustrated in Fig. 1a , the optomechanical interaction allows a photon to scatter from one drive tone to the other by transferring a phonon between the modes. This process occurs via a virtual state in which the photon is at a mechanical sideband of the drive tones. The participation of the various mechanical sidebands can be enhanced or suppressed by the cavity's resonance; for the detunings shown in Fig. 1a , the cavity ensures that the sideband with detuning Δℓ is the dominant path by which phonon transfer takes place. This phonon transfer process has two crucial features. First, the transfer amplitude involves the complex-valued cavity susceptibility χ(Δℓ) (where
regardless of the direction of transfer, and so has both a dissipative and a coherent character. Second, the phase of the intracavity beatnote appears explicitly in the transfer coefficient. These features alone do not result in nonreciprocal energy transfer (for example, the beatnote phase can be gauged away).
However as discussed in Refs. [20, 21, 22, 12] , interference between two such processes can break reciprocity. Figure 1b shows the arrangement used for the experiments described here. The cavity is driven by four tones (these address a different cavity mode than the probe laser 10, 11 ). Their detunings Δ1,2,3,4 are chosen to provide two beat notes that each induce near-resonant coupling between the modes (i.e., Δ1 -Δ2 = Δ3 -Δ4 ≈ δω) and hence two distinct copies of the phonon transfer process illustrated in Fig. 1a . The Δ1,2,3,4 are also chosen so that the dominant mechanical sideband in each transfer process has a distinct detuning: 
The diagonal elements of H represent the usual single-tone dynamical backaction:
. In contrast, the off-diagonal components of H describe the coupling between the two mechanical modes mediated by the intracavity beatnotes.
The phases of these beatnotes are ϕ12 ≡ ϕ1 -ϕ2 and ϕ34 ≡ ϕ3 -ϕ4. The coefficients
For clarity, the present discussion ignores smaller terms in f, g, and h that are due to non-resonant mechanical sidebands (these terms are included in the analysis and fits presented below, and in the full description in Methods). Lastly, ,u
Isolation between the two mechanical modes (e.g., corresponding to 1,2
) can be achieved by first choosing Pn and Δn so that |g| = |h|. For the present device, this is realized with all the Pn = 5 μW and Δn = {-ω1 + Δℓ + ζ, -ω2 + Δℓ, -ω1 + Δu + ζ, -ω2 + Δu} where Δℓ = -2π × 60 kHz and Δu = 2π × 150 kHz. The constant ζ is the detuning of the beat notes relative to δω, and is set to 2π × 100 Hz. With the condition |g| = |h| satisfied, ϕ12 and ϕ34 may be adjusted via the MWG to ensure that one off-diagonal element of H vanishes while the other does not. This is shown in (corresponding to transfer from mode 1 to mode 2 and vice versa) as a function of τ and ϕ. The performance is summarized in Fig. 3 , which shows the same data converted to the isolation I ≡ T↑/T↓. The damping of the modes ensures that T↑ and T↓ decrease with τ (Fig. 2) ; however I is nearly independent of τ ( Experiments on non-reciprocal devices (in the phononic as well as other domains) typically measure the scattering matrix describing propagating waves incident on and emanating from the device. In contrast, the measurements described here provide direct access to the device's internal degrees of freedom. This opens the possibility of controlling the resonators' state via their nonreciprocal interactions. To demonstrate this, we use the nonreciprocity described above to modify the resonators' thermal fluctuations and to realize a form of cooling with no equivalent in reciprocal systems.
To describe the system's steady-state fluctuations, we note that both modes couple to the thermal bath (Tbath = 4.2 K) and to the cavity field (whose effective temperature can be approximated as zero for the present discussion
16
). In the absence of coupling between the phononic modes, these two "baths" would cause each mode to equilibrate to a temperature Ta = (γa/Im[fa])Tbath where {1, 2} a  and we assume the single-tone optical damping Im[fa] >> γa. This reduction of Ta with respect to Tbath is the well-known effect of "cold damping" or "laser cooling".
However in the present system the modes also couple to each other. When the resulting energy transport is reciprocal (|H1,2| = |H2,1|) thermal phonons are exchanged between the modes, tending to bring T1 and T2 closer together. In contrast, if H is chosen to give unidirectional energy transport (e.g., for ϕ = ±π/2), then the isolated mode emits thermal phonons into the other mode but not vice versa. This leads to cooling of the isolated mode and heating of the other mode, even if the former is initially the colder of the two.
To realize this isolation-based cooling we use the same Δn as above and Pn = 2.5 μW (resulting H1,2 and H2,1 as in Fig. 1c but reduced by a factor of two). No external drive is applied to the phononic modes, and their undriven motion is recorded by the probe laser. varying Δn is to break the condition |g| = |h|, resulting in weakened isolation and suppression of Θ.
We also emphasize that the data in each of Fig. 4b -e were taken with fixed Pn and Δn, and that the additional cooling of one mode is accomplished just by varying the control tones' phases. Since conventional laser cooling techniques (e.g., those using the single-tone dynamical backaction) are independent of these phases, this shows that the nonreciprocity demonstrated here represents an additional resource for controlling the thermal fluctuations of phononic resonators.
In conclusion, we have demonstrated a robust, compact, and tunable scheme for inducing nonreciprocal dynamics between phononic resonators. We have applied this nonreciprocal control to external signals as well as to the resonators' thermal motion. The nonreciprocity is produced by a cavity optomechanical interaction, but the same scheme can be realized in other oscillator systems with parametric controls, including those in the electrical, mechanical, and optical domains. 24, 25, 26 Figure Captions 
